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Ever-decreasing semiconductor device fabrication demands atomistic simulations in the thermal annealing. Kinetic Monte Carlo ͑KMC͒ simulations have been widely used for the thermal annealing. [1] [2] [3] KMC is based on the Monte Carlo approach combined with the Poisson process. 4 In KMC, a physical system which consists of many possible events evolves as a series of independent events occurring chosen according to their event rates. Event rates are given as input in KMC. They are obtained from experiments or ab initio calculations. One of the main events in thermal annealing is a migration event. Microscopic migration events result in macroscopic self-diffusion.
Experimental data for self-diffusion in silicon exhibit an Arrhenius behavior
where Q is an activation energy, k b is the Boltzmann's constant, T is the absolute temperature, and D 0 is a preexponential factor. The macroscopic total diffusion constant D results from all N possible microscopic defect-mediated mechanisms
Here, typically KMC interstitial-mediated and vacancymediated mechanisms are considered for self-diffusion in silicon though another concerted exchange mechanism 6 has been suggested. C s is the concentration of lattice sites in the silicon crystal and C I and C V the concentrations of interstitial and vacancy, respectively.
In order to obtain the diffusivities d I,V ͑meaning d I or d V ͒ in the presence of one native defect, there are two ways in first principles calculations: monitoring a direct simulation of the atomic motion via molecular dynamics, or breaking up the diffusivity into energy and entropy contributions, and obtaining the contributions by considering the structure of the native defect. Using ab initio molecular-dynamics simulation, we can monitor the mean square displacement of all atoms or vacancies in the cell and evaluate the diffusivity d I,V ͑Ref. 5͒
Here R i ͑t͒ is the position of the ith atom or vacancy at time t. However, it should be noted that one disadvantage of this method is that it requires an enormous computational effort to achieve reasonable statistical accuracy. 7 In this paper we investigate the alternative way of obtaining the diffusivities, that is, the ab initio electronic structure calculations in combination with the dynamical matrix theory. 8 Especially we focus on the diffusivity of neutral interstitial and compare with the results from the direct simulation of the quantum molecular dynamics.
The average rate of movement of defects in solids by thermal activation can be calculated on the classical rate theory. 8 A migration event is specified by the following two parameters:
where d 0 is the prefactor and E m is the migration energy, the free energy needed to carry the defect from an initial equilibrium position to a saddle point. The prefactor can be written as
Here z is the number of possible neighboring jump sites, ‫ء‬ is an effective attempt frequency associated with vibration of the defect, and r is the jump distance. According to the dynamical matrix theory, 8 the transition rate ‫ء‬ in harmonic approximation is given by
where j and j † are the normal mode frequencies at the minimum and the saddle point, respectively.
All ab initio calculations are performed by using the Vienna ab initio simulation package ͑VASP͒ 10-13 which incorporates ultrasoft pseudopotentials 14 and generalized-gradient approximation of Perdew and Wang for the exchangecorrelation energy. The supercell for the Si crystal consists of 217 atoms ͑simple cubic, 3 ϫ 3 ϫ 3 unit cells͒ including the interstitial with periodic boundary conditions. The calculations for the integration of the Brillouin zone are performed with the 2 ϫ 2 ϫ 2 k-point mesh of Monkhorst-Pack 15 and energy cutoff of 150.62 eV. We perform a preliminary calculation for the formation energy of a neutral self-interstitial by the following expression:
Here E D is the total energy of a supercell containing the Si self-interstitial, n Si is the number of all Si atoms in the supercell, and Si is the total energy of bulk Si per atom. We obtained the formation energy 3.46 eV for a neutral dumbbell interstitial along ͑110͒ ͑see Fig. 1͒ in agreement with other researchers' results. [16] [17] [18] Figure 2 shows the total energy along the minimum energy path of the neutral interstitial leading from I split ͑Ref. 17͒ to I hex by the climbing image nudged elastic band method ͑CINEB͒.
19 I split ͑Ref. 17͒ has a dumbbell interstitial along ͑011͒. ͑See Fig. 1 for the geometry of I split and I hex .͒ The crosses in the figure represent the simulation images and the solid line shows the interpolation by using the force parallel to the band. 20 The migration energy is 0.29 eV. The transition state configuration is obtained by the CINEB. 19 CINEB enables us to get the transition state configuration in addition to the energy barrier with a much smaller number of images in one calculation. The attempt frequency for I split to I hex is calculated to be 9.30ϫ 10 12 s −1
by the dynamical matrix method. 8 For the normal modes, we displace eight atoms with displacement 0.05 Å in x, y, and z directions ͑24ϫ 24 dynamical matrix͒. The calculated diffusivity of the interstitial at 1500 K with z = 4 and r = 2.35 Å is 3.6ϫ 10 −4 cm 2 / s in consistency with the result from the direct quantum-mechanical molecular dynamics simulation. 5 In summary, we have computed the diffusion prefactor for the neutral interstitial-mediated self-diffusion in silicon by using VASP ͑10-13͒ in combination with the dynamical matrix method. 8 We compare with the diffusivity 3.6 ϫ 10 −4 cm 2 / s at 1500 K from ab initio molecular-dynamics simulations. 5 They are in good agreement. This provides a plausible demonstration for the alternative way, quantum mechanical electronic structure calculations combined with the transition state theory, to the ab initio molecular-dynamics simulations for obtaining the diffusivities of diffusing atoms or ions in solids. We should note that CINEB ͑Ref. 19͒ enables us to make easier use of our demonstrated method than. 
